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The Hin dimer interface is critical for Fis-mediated activation 
of the catalytic steps of site-specific DNA inversion
Michael J. Haykinson*, Lianna M. Johnson*, Joyce Soong* 
and Reid C. Johnson*†
Background: Hin is a member of an extended family of site-specific
recombinases — the DNA invertase/resolvase family — that catalyze inversion or
deletion of DNA. DNA inversion by Hin occurs between two recombination sites
and requires the regulatory protein Fis, which associates with a cis-acting
recombinational enhancer sequence. Hin recombinase dimers bind to the two
recombination sites and assemble onto the Fis-bound enhancer to generate an
invertasome structure, at which time they become competent to catalyze DNA
cleavage and strand exchange. In this report, we investigate the role of the Hin
dimer interface in the activation of its catalytic functions.
Results: We show that the Hin dimer is formed at an interface that contains
putative amphipathic a-helices in a manner that is very similar to gd resolvase.
Certain detergents weakened cooperative interactions between the subunits of
the Hin dimer and dramatically increased the rate of the first chemical step of the
reaction — double-strand cleavage events at the center of the recombination
sites. Amino-acid substitutions within the dimer interface led to profound
changes in the catalytic properties of the recombinase. Nearly all mutations
strongly affected the ability of the dimer to cleave DNA and most abolished DNA
strand exchange in vitro. Some amino-acid substitutions altered the concerted
nature of the DNA cleavage events within both recombination sites, and two
mutations resulted in cleavage activity that was independent of Fis activation in
vitro. Disulfide-linked Hin dimers were catalytically inactive; however, subsequent
to the addition of the Fis-bound enhancer sequence, catalytic activity was no
longer affected by the presence of oxidizing agents.
Conclusions: The combined results demonstrate that the Hin dimer interface is
of critical importance for the activation of catalysis and imply that interactions
with the Fis-bound enhancer may trigger a conformational adjustment within the
region that is important for concerted DNA cleavage within both recombination
sites, and possibly for the subsequent exchange of DNA strands.
Background
The Hin protein of Salmonella catalyzes a site-specific
DNA inversion of a 1 kbp segment of the chromosome
[1,2]. The inversion switches the orientation of a promoter
that directs transcription of the fljB gene, which encodes a
flagellin, and the fljA gene, which encodes a repressor of
an alternative flagellin; both genes are located on one side
of the invertible segment. Hin is a member of a family of
recombinases that promote inversion in enteric bacteria
[3]. One of the distinguishing features of these recombina-
tion systems is the requirement for an enhancer sequence
that is not linked to the two recombination sites, which are
called hixL and hixR in the Hin system (Fig. 1a) [4,5]. The
cis-acting recombinational enhancer sequence contains
two essential binding sites for the Fis protein [6–8]. In
order for inversion to proceed, the two recombination sites
bound by a dimeric form of Hin must assemble at the
enhancer into an invertasome structure (Fig. 1c) [9]. This
complex is then kinetically competent to undergo Hin-
mediated cleavage of both DNA strands within the hix
sites, followed by the exchange of DNA strands to yield
an inversion of the intervening DNA [10]. Crosslinking
experiments and electron microscopic studies have shown
that Hin can associate the two recombination sites into a
‘paired-hix’ complex without Fis or the enhancer [9].
Although Hin can promote a very low rate of double-
strand cleavage events at the center of the two hix sites in
the paired-hix complex under certain in vitro conditions
[10], the current evidence suggests that these complexes
are not obligatory intermediates for invertasome assembly
(M.J.H. and R.C.J., unpublished observations). However,
single amino-acid changes in the related Gin and Cin
DNA invertases [11–13], as well as in Hin (this paper),
enable recombination to proceed in the absence of Fis or
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the enhancer. Fis-independent recombination catalyzed
by these mutant proteins no longer displays the strict
topological specificity which dictates that only DNA
inversion products will be formed. 
The DNA invertase family is related to the resolvase
family of site-specific recombinases. Invertases and
resolvases have two distinct structural units — an amino-
terminal catalytic domain and a smaller carboxy-terminal
DNA-binding domain [14,15]. The isolated 52 amino-acid
DNA-binding domain of Hin associates independently
with the two half-sites of the 26 bp palindromic hix
sequence [15]. The 190 amino-acid full-length Hin protein
binds highly cooperatively to the hix site, indicating that
strong protein–protein interactions are encoded within the
amino-terminal domain [16]. Although an X-ray crystal
structure exists for the Hin DNA-binding domain com-
plexed to the hix site [17], a three-dimensional structure of
the catalytic domain is lacking. However, Hin and the gd
resolvase are about 40 % identical in amino-acid sequence
over their first 120 amino acids, and the crystal structure of
this region of resolvase has been determined both as an
isolated domain and when complexed to its recombination
site [18–20]. One of the regions that is most highly con-
served in all of the DNA invertases and resolvases sur-
rounds a serine at position 10. In resolvase and the Gin
invertase, this serine residue has been shown to become
covalently linked to DNA during strand exchange [21,22].
The combination of the crystal structures of resolvase and
the Hin DNA-binding domain bound to a half-hix site
have enabled us to model the structure of an intact Hin
recombinase, which is shown in Figure 2a. In the crystal
structure of the resolvase dimer, interactions between
monomers occur primarily over the amino-terminal regions
of the long E a-helices, whose carboxy-terminal ends
extend over opposite sides of the DNA, as shown in
Figure 2a. Although the amino acids that would constitute
the dimer interface within the helix-E region of Hin share
the overall amphipathic nature found in resolvase, the
identity of the amino acids varies considerably (Fig. 2b).
Of the six amino acids that are oriented towards each other
in the resolvase E a-helix, only one is conserved in Hin,
although all are hydrophobic. The first catalytic step of
recombination by resolvases and DNA invertases is the
site-specific cleavage of DNA, which leads to the covalent
attachment of the serine residue at position 10 of each
subunit to the DNA ends. The dimeric configuration of
resolvase has the two active-site serine residues separated
by about 35 Å [18,20]. As the phosphodiester bonds that
are cleaved during recombination are only ~ 15 Å apart,
the dimeric arrangement would require significant confor-
mational adjustment in order to allow catalysis to occur. An
alternative arrangement of resolvase monomers observed
within one of the crystals that was once considered to be a
potential dimer interface has the active-site serine residues
positioned within 18 Å of each other [18]. However, bio-
chemical experiments along with the recent crystal struc-
ture of intact resolvase bound to the crossover region have
clearly demonstrated that this dimeric arrangement of the
protein does not occur in solution [20,23]. 
In this paper, we show that the region of Hin that corre-
sponds to the E a-helix of resolvase is associated with the
dimeric interface that mediates cooperative DNA binding.
For simplicity, we refer to this region of Hin (amino acids
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Figure 1
Model for the assembly of the Hin
invertasome. (a) The supercoiled plasmid
substrate containing the hixL and hixR
recombination sites and the recombinational
enhancer. (b) Hin binds to hixL and hixR as a
dimer, and dimers of Fis bind to the two
domains of the enhancer. (c) hixL, hixR, and
the enhancer assemble together at a base of
a supercoiled DNA branch into the
invertasome structure. The required looping of
DNA between closely spaced cis-acting sites
is facilitated by the binding of the HU protein
[43]. The arrangement of DNA strands within
the invertasome has been established by
topological studies [32,34]. Once the
invertasome has been assembled, Hin is
activated to catalyze site-specific double-
strand cleavages within the center of each hix
site in a reaction that covalently joins the
protein to the 5′ end of the cleavage site. The
DNA strands are then exchanged and ligated
resulting in inversion of the DNA between the
hix sites (d).
101–118) as the helix-E region, although no direct struc-
tural information currently exists regarding its secondary
structure. Our results show that certain detergents inhibit
the cooperative interactions between subunits in the
dimer and strongly activate Hin-mediated DNA cleavage.
We show that the structure of the helix-E region is
extremely sensitive to amino-acid changes which block
DNA cleavage and strand exchange. Some mutations
result in an uncoupling of the normally concerted cleavage
between the recombination sites of the synaptic complex,
and two different amino-acid substitutions result in sub-
stantial Hin-mediated cleavage in the absence of Fis-acti-
vation. The catalytic inactivity of covalently associated
dimers provides support for the idea that a conformational
adjustment within the dimer interface may be required for
Hin-mediated cleavage of DNA, and we provide evidence
that this change may normally be coupled to the associa-
tion of the Fis-bound enhancer segment. Moreover, the
evidence suggests that this conformational change may be
the primary rate-limiting step in the recombination
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Figure 2
(a) Model of a Hin dimer bound to hixL. The
model is modified from that proposed earlier
[37], in light of the crystal structure of
resolvase bound to site I of res [20]. The
DNA-binding domain of Hin (based on its co-
crystal structure bound to a half-hix site [17])
is connected to its catalytic and dimerization
domain (based on the crystal structure of the
resolvase catalytic domain [19], which is
about 40 % identical in primary amino-acid
sequence over this region). The long a-helices
(E and E′) that connect the two domains
traverse opposite sides of the DNA helix along
the minor groove and largely make up the
dimer interface, as shown in (b). The subunits
of the dimer are shown in yellow and blue.
The DNA is slightly bent (~ 18°) as a result of
an intrinsic bend that is not detectably altered
after Hin binding ([16]; M.J.H., unpublished
observations). This contrasts with the 60°
bend induced by the binding of resolvase to
site I of res [20]. The oxygen atoms of the
active-site serine residues at position 10 are
shown in red and the phosphodiester bonds
that are cleaved and covalently joined at the 5′
ends to the serine residues during
recombination are dashed. (b) Comparison of
the structure of the amino-terminal 18
residues of the E a-helix of resolvase
(residues 103–120, within the catalytic
domain) and the analogous region of Hin
(residues 101–118). The a carbons are
labeled as to their amino-acid identity (single-
letter code) with the dark spheres indicating
those which are within 8.5 Å of each other in
the resolvase dimer. Parts (a,b) were prepared
using MOLSCRIPT [44].
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pathway. A recent report by Lim also reaches some of the
same conclusions [24].
Results
Activation of Hin-catalyzed DNA cleavage by CHAPS
We have shown previously that the Hin inversion reaction
is efficiently blocked at an intermediate step in reactions
containing EDTA and ethylene glycol [10]. Under these
conditions the invertasome complex is formed [9], and
upon addition of SDS, the invertible segment is released
from the vector (Fig. 3a, lane 1). We now show that the
rate of formation of this ‘cleavage’ complex is dramatically
increased by the addition of high concentrations of the
zwitterionic detergents CHAPS or CHAPSO. We tested
20 other water-soluble detergents (with aliphatic chains
containing 8–12 carbon atoms) and found that they had
little or no stimulatory effect.
Figure 3a–c demonstrate that CHAPS activates the Hin-
mediated cleavage reaction. In Figure 3a, the Hin-mediated
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Figure 3
Effect of CHAPS on Hin-catalysed DNA
cleavage and the cooperative binding of Hin
to hix sites. (a) Activation of Hin-catalyzed
DNA cleavage by CHAPS. Incubation with
wild-type Hin was carried out for 20 min under
standard conditions (lanes 1 and 2) or for
1 min in the presence of 50 mM CHAPS
(lanes 3 and 4). The locations of the DNA
fragments representing the products of the
cleavage reaction – the invertible segment
and vector, plasmids cleaved at one hix site
(linear), the unreacted supercoiled plasmid
substrate and open circular plasmid are
marked. The inversion reactions shown in
lanes 5–7 were incubated for 2 min under
standard conditions (lanes 5 and 6) or in the
presence of 50 mM CHAPS (lane 7). Arrows
mark the location of the DNA fragments that
represent the inverted (recombinant) products
after the samples were subjected to
restriction enzyme digestion. Fis was included
in the reactions as indicated. (b) Activation of
the Hin cleavage reaction in the presence of
different concentrations of CHAPS. Cleavage
reactions were performed for 15 sec with
wild-type Hin and Fis in the presence of
different concentrations of CHAPS as
indicated. (c) Time course of the Hin-
mediated cleavage reaction, in the presence
of 4 mM or 50 mM CHAPS. The first time
point represents ~ 5 sec incubation at 37 °C.
(d) Hin binding to a half-hixL site in the
presence of different concentrations of
CHAPS. Gel mobility-shift assays were
performed with 5 nM wild-type Hin in binding
buffer containing 0–60 mM CHAPS as
indicated. In lane 1, no Hin was added. The
locations of the free 115 bp DNA fragment
(F), the fragment bound by a Hin monomer
(1), and the fragment bound by a Hin dimer
(2) are shown alongside.
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cleavage reaction was performed under standard condi-
tions for 20 minutes (lane 1) or in the presence of 50 mM
CHAPS for just 1 minute (lane 3). Quantitation revealed
that CHAPS increased the initial rate of formation of the
cleavage complex by > 30-fold (Fig. 3c). Most of the
supercoiled substrate was assembled into a complex in
which Hin had cleaved both hix sites within about 5
seconds — as fast as the reaction could be manually mixed
and quenched. Rapid formation of the cleavage complexes
in the presence of CHAPS required all of the normal com-
ponents of the Hin inversion reaction, including a super-
coiled substrate containing the two recombination sites,
the enhancer, Hin and HU (when the enhancer was close
to a recombination site). Most importantly, CHAPS activa-
tion did not relieve the requirement for Fis (Fig. 3a, lane
4); the presence of Fis increased the rate of CHAPS-acti-
vated hix cleavage 50–100-fold. Only double-strand cleav-
age events at both recombination sites were produced at
appreciable rates. In addition, reactions performed in the
presence of CHAPS seemed to be more precise because
cleavages that occurred at a low frequency at pseudo-hix
sites under standard conditions (minor bands in Fig. 3a
lane 1) were eliminated (Fig. 3a, lane 3).
Activation of the Hin cleavage reaction by CHAPS
required high concentrations of detergent. As shown in
Figure 3b, activation began abruptly between 20 and
30 mM CHAPS and remained high at concentrations
exceeding 100 mM (data not shown). Preincubation of
Hin with 50–100 mM CHAPS was ineffective if the final
concentration in the reaction was below 20 mM. Thus, the
detergent seems to function during the reaction, perhaps
by facilitating a conformational change in the protein that
is required for DNA cleavage (see below). The concentra-
tion of CHAPS required to efficiently activate the cleav-
age reaction effectively blocked strand exchange under
standard inversion conditions (10 mM Mg2+, no ethylene
glycol; Fig. 3a, lane 7). Low amounts of CHAPS slightly
increased inversion rates, probably by facilitating disaggre-
gation of Hin in solution, but inversion rates sharply
decreased when the concentration of CHAPS was greater
than 6 mM.
Effect of CHAPS on cooperative binding by Hin 
Hin binds to the hix recombination sites with high coopera-
tively under standard binding conditions so only the dimer
bound to a wild-type hixL or hixR site can be detected [16].
Even when one of the symmetry elements of the hixL site
is replaced by random sequence (half-hixL site), Hin binds
exclusively as a dimer, albeit poorly ([16] and Fig. 3d, lane
2). When CHAPS was included in the binding reaction,
however, Hin efficiently bound to a half-hixL site as a
monomer. The monomeric form was first observed at about
5 mM and was the predominant form in 10 mM CHAPS
(Fig. 3d). Thus, the cooperative interactions that stabilize
the Hin dimer were effectively inhibited in the presence of
$ 10 mM CHAPS. This effect was not observed in the
presence of detergents that did not significantly activate
the cleavage reaction (such as Triton X-100).
Effect of CHAPS on Hin subunit composition in solution
The binding studies with the half-hixL site suggest that
Hin can exist as a monomer under high concentrations of
CHAPS. We assayed the multimeric state of Hin under
different conditions by glycerol gradient centrifugation.
Purified Hin tends to be highly aggregated, even in the
presence of 1 M NaCl, resulting in the sedimentation of
the protein throughout the gradient (data not shown). In
the presence of 50–100 mM CHAPS and 0.5 M NaCl (Fig.
4a,b) or 0.1 M NaCl (data not shown), Hin sedimented as
a peak corresponding to its monomeric molecular weight
of 21.5 kDa. The monomeric material is active for DNA
binding (data not shown) and formation of the cleavage
complex (Fig. 4a). To insure that the Hin sedimenting at
an apparent molecular weight of 21.5 kDa was the
monomeric form, we sedimented a Hin mutant protein
(F104C) that was covalently dimerized at its helix-E inter-
face by a disulfide linkage (see below). As shown in
Figure 4, the mutant protein migrated at the expected
molecular weight for a dimer (42 kDa). 
The helix-E region is within the dimer interface of the Hin
recombinase
Modeling of Hin based on the resolvase crystal structure
suggests that the two subunits within the dimer are 
associated with each other primarily within the putative 
E a-helical regions. In order to confirm this as the func-
tional dimer interface and to study the effects of muta-
tions within the interface, a number of amino-acid
substitutions were introduced into the region (see Table
1). Among these were cysteine replacements of residues
Met101, Phe104, Phe105, and Met109. As shown in Fig.
2b, these are amino acids in Hin that correspond to
resolvase residues where the a carbons are juxtaposed to
each other across the dimer interface. The proximity of
each of these residues within the Hin dimer was assessed
by measuring the efficiency of disulfide bond formation
between subunits under oxidizing conditions. Reduced
preparations of these mutants at the concentration used in
a standard inversion reaction were subjected to a 1 minute
oxidation at 37 °C by incubation with 1 mM orthophen-
anthroline–Cu. As shown in Figure 5, M101C and F104C
efficiently formed covalent dimers as assayed by
immunoblotting after electrophoresis in SDS–polyacry-
lamide gels. Glycerol gradient centrifugation experiments
further demonstrated the dimeric nature of oxidized
F104C, as described above (Fig. 4a,b). Similar results were
obtained when each of the mutants was oxidized after
incubation with an excess of a 46 bp duplex oligonu-
cleotide containing the hixL sequence (data not shown).
Wild-type Hin contains a cysteine residue at position 28,
which is presumably responsible for the low level of dimer
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formation under oxidizing conditions and may be the
cause of the heterogeneity of monomeric and dimeric
forms seen with the cysteine mutants. The cysteine
residue at position 28 is conserved among all DNA inver-
tases, and seems to be important for Hin function because
an alanine substitution at this position blocks recombina-
tion in vitro.
The dimeric forms of Hin crosslinked within the E-
helices were active for DNA binding. Preparations of
M101C and F104C that were $ 90% disulfide-linked
dimers — as determined by SDS–PAGE analysis or glyc-
erol gradient centrifugation — were generated by storage
in # 1 mM DTT. The ability of these oxidized proteins
to bind to hixL was compared to the reduced versions of
the proteins and to wild-type Hin using gel mobility-shift
assays. As shown in Figure 6, essentially no differences in
binding activities were observed. As expected, binding of
the oxidized forms of M101C and F104C to a half-hixL site
gave exclusively dimeric complexes under high concentra-
tions of CHAPS, whereas wild-type Hin bound exclu-
sively as monomer (data not shown). We found no
evidence to suggest that the different forms of Hin
induced DNA bending (data not shown). Taken together,
we conclude that two subunits of Hin dimerize within the
helix-E region in solution and when bound to DNA, and
that this quaternary form is most likely the active species
for recombination.
Inversion proficiency of the mutant proteins in vivo
To assess the importance of the dimerization region for
recombinational activity, we initially determined the
ability of each of the helix-E mutants to promote inversion
in vivo. Plasmids expressing the mutant proteins were
transformed into Escherichia coli strains RJ1471 (fis+) or
RJ1651 (fis–), which both contained the lfla406 ‘‘OFF’’
prophage. Switching of the invertible segment into the
‘‘ON’’ orientation within the prophage turns on the expres-
sion of lacZ, which is measured on lactose-containing 
MacConkey indicator media during colony growth [25]. As
shown in Table 1, most of the mutants had a detrimental
effect on in vivo inversion rates in the presence of Fis, and
many of the mutants completely abolished inversion.
M101C, F105V, F105V/M109I, M115V and F104C/H107Y
(which was selected as a inversion-proficient suppressor of
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Figure 5
SDS–PAGE analysis of reduced and oxidized forms of Hin mutants
containing cysteine residues within the helix-E region. Wild-type or
mutant Hin proteins were incubated for 2 min at 37 °C in storage
buffer containing freshly added 5 mM DTT and 4 mM CHAPS to
reduce the proteins immediately prior to diluting 1:10 to 1:40 into
20 mM Tris–HCl (pH 7.5), 0.1 M NaCl, 4 mM CHAPS, and 20 %
glycerol, so that approximately 200 ng of Hin was present in a 20 ml
reaction volume. Orthophenanthroline–copper (OP–Cu) was added to
the samples to be oxidized at a final concentration of 1 mM and the
reaction mixture (along with the no OP–Cu control) was incubated for
1 min at 37 °C. Oxidation was terminated by the adding EDTA to
50 mM and the samples were subjected to SDS–PAGE in a 15 % gel.
Hin was detected by immunoblotting. The locations of the bands
corresponding to the monomeric and dimeric forms of Hin are marked.
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Figure 4
Glycerol gradient sedimentation of Hin in the presence of CHAPS. (a)
Active wild-type Hin (monomer molecular weight 21.5 kDa) was
detected by cleavage assays (filled circles) and total Hin protein (open
circles) was detected by immunoblotting. Wild-type Hin binding activity
was also measured by gel mobility-shift assays and closely followed
the profile of the cleavage activity (data not shown). Hin F104C that
was oxidized by storage in low DTT was centrifuged under the same
conditions and was detected by immunoblotting (open squares) and
gel mobility-shift assays (data not shown). (b) The profile of the
molecular weight standards, soybean trypsin inhibitor (21 kDa, circles)
and ovalbumin (43 kDa, squares), which were cosedimented with the
Hin proteins (the profile from the gradient containing wild-type Hin is
shown). After SDS–PAGE, the gels were stained with Coomassie blue
and the concentrations (relative units) of the standards were
determined by densitometric scanning. Glycerol gradients (10–30 %)
in 20 mM Tris–HCl (pH 7.5), 0.5 M NaCl, and 100 mM CHAPS were
centrifuged for 108 h in an SW41 rotor at 275 000 × g.
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the inactive F104C mutant), did retain substantial recom-
bination activity.
Although all colonies became uniformly red (Lac+) after
24 h in the presence of wild-type Hin in fis+ cells, incuba-
tion for 48 h was required to develop red centers in the
majority of colonies in the fis– strain. As expected from the
Fis+ results, most of the mutant proteins had no, or
extremely low-level, inversion activity in the fis– strain,
although some of the mutant proteins (for example,
M101C and F105V) that showed some activity in fis+ cells
had detectable inversion activity in the absence of Fis
(Table 1). The notable exception was M115V, which dis-
played significantly higher rates of inversion than the
wild-type protein. The M115V substitution in Hin is iden-
tical to the M114V substitution in Gin that results in Fis-
independent inversion [11]. The rate of Lac+ colony
development by Hin M115V in the fis– strain was less than
in fis+ cells, although colony growth of the fis– strain on the
MacConkey media was somewhat slower than the fis+
parent, precluding a direct comparison of inversion rates
by this assay.
In vitro recombination activities of the mutant proteins 
In order to determine which of the biochemical steps of
recombination was blocked in the mutants, purified
preparations of 13 of the helix-E mutants were assayed for
inversion, DNA cleavage, and hix binding activities in
vitro. Wild-type Hin purified from fis– cells generated
< 1% inversion in the absence of Fis after a 30 minute
reaction, as compared to 30–35 % inversion after just
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Figure 6
Binding of oxidized and reduced forms of cysteine-containing Hin
mutants within the dimer interface. Gel mobility-shift assays using a
135 bp fragment containing hixL were performed with reduced and
oxidized forms of (a) M101C and (b) F104C along with wild-type Hin.
Under reducing conditions the binding reactions contained 10 mM
DTT and Hin incubated overnight with freshly added 10 mM DTT,
whereas oxidizing conditions contained no DTT and Hin that was
$ 90 % covalent dimer (from storage in a low concentration of DTT).
The insets are images of autoradiograms of the binding assays
performed with different amounts of Hin as indicated. The molar
concentrations of Hin are all calculated for the monomer.
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Table 1
Inversion activities of Hin mutant proteins in vivo.
Mutation Fis+ inversion* Fis– inversion†
Wild-type +++ +
M101C + +/–
G102E – –
F104C – –
F105C – –
F105V ++ +/–
H107S – –
V108S – –
V108N – –
V108P – –
M109C – –
M115V ++ ++
F104C/H107Y ++ –
F105V/M109I ++ –
F105V/F106I – –
F105G/A111T – –
F105C/R103Q +/– –/+
V108R/A113T – –
M115V/T97A –/+ –/+
M115V/E118K – –
*In vivo inversion rates in strain RJ1471(fis+) as measured by colony
phenotype on MacConkey plates containing lactose. (+++) indicates
that all colonies were very red after 24 h incubation; (++) indicates
mostly red colonies after 24 h that tend to be larger than wild-type,
presumably because of less inhibition of growth by hin; (+) indicates
that 10–50 % of the colonies had some red after 24 h; (–/+, +/–)
indicates 5–30 % of colonies had red papillations after 48 h; (–)
indicates colonies that were completely white after 48 h. †In vivo
inversion rates in RJ1651(fis–). (+) indicates that about 80 % of
colonies have red centers after 48 h incubation; (++) about 80 % of
colonies had red centers after 30 h; (+/–) 10–50 % of colonies had
red centers after 48 h; (–/+) up to 10 % of colonies had papillations or
red centers after 48 h; (–) indicates that colonies were completely
white after 48 h.
1 minute in the presence of Fis (for example, Fig. 3a,
lanes 5 and 6). As described in further detail below and
summarized in Table 2, most of the mutants were
severely impaired in their ability to catalyze inversion in
the presence of Fis and none promoted detectable in vitro
inversion in the absence of Fis. Under standard inversion
conditions, two mutant proteins — M109C and
F104C/H107Y — produced significant amounts of product
with double-strand cleavages at the hix sites, a situation
that is never observed with the wild-type protein.
The ability of the mutants to assemble cleavage complexes
was also determined under standard and CHAPS-activated
conditions. In general, most of the mutants were strongly
defective in hix DNA cleavage; however, we found interest-
ing differences with respect to the requirement for Fis, the
concerted nature of cleavage of the two hix sites, the effect
of CHAPS, and the proficiency of cleavage compared to
inversion. These are discussed individually below and the
specific activities are shown in Table 2. Unlike the wild-
type protein, none of the mutants had topoisomerase activ-
ity, and none had demonstrable nicking activity under any
of the conditions that we tested.
The proficiency of DNA binding of each of the mutants
was assayed by gel mobility-shift assays on hixL and a half-
hixL site. The binding properties of most of the mutants
were not significantly different from wild-type; binding
constants (Kd) were approximately 1 × 10–9 M for the
dimer binding to the intact hixL site and 1 × 10–8 M for
monomer binding to the half-hixL site under high-CHAPS
conditions where cooperative interactions were minimized
(Table 2). The exceptions were V108P, G102E, and
M115V, which showed varying extents of reduced binding
to both substrates. Substitution of the proline residue at
position 108 of helix E and the glutamic acid at residue
102, whose side chain is predicted to be oriented towards
the core of the same monomer, would be expected to have
large structural consequences.
The mutant proteins F104C, F105C, F105V, H107S,
V108N, and V108S had little or no catalytic activity in
vitro, even though they were able to efficiently form
dimeric complexes with hixL. F105V and F105V/M109I
both had substantial inversion activity in vivo, but only
catalyzed a very low rate of hix cleavage in vitro. On the
other hand, a cysteine substitution at M101, which is pre-
dicted to be at the beginning of the helix (see Fig. 2b),
had the least effect of any of the helix-E substitutions in
vitro, although its activity was markedly reduced in vivo.
M109C also displayed substantial catalytic activity in vitro
but did not support inversion in vivo. M101C and M109C,
as well as F105V and F105V/M109I, had normal in vivo
expression levels, as assayed by western immunoblotting
and/or a P22 challenge phage assay that measures hixL
binding activity (data not shown) [26]. The reasons for the
differences between the in vivo activities and the in vitro
activities are not known.
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Table 2
Activities of mutant Hin proteins in vitro.
Mutation Fis+ inversion* Fis+ cleavage† Fis+ cleavage Fis– cleavage† Fis– cleavage hixL binding¶
+ CHAPS‡ + CHAPS‡
Wild-type 55 35 80 1.2 0.9 10–9
M101C 27 15 60 0.2 , 0.5 10–9
G102E , 0.05 , 0.05 , 0.25 , 0.05 , 0.25 $ 10–8
F104C* , 0.05 0.1 2 (s) , 0.05 , 0.25 10–9
F105C* , 0.05 , 0.05 , 0.12 , 0.05 , 0.25 10–9
F105V* , 0.1 1.0 3.6 0.08 , 0.25 10–9
H107S , 0.05 0.5 (s) 1.1 (s) , 0.05 , 0.25 10–9
V108S , 0.05 0.05 0.4 , 0.05 , 0.25 10–9
V108N , 0.05 , 0.05 , 0.25 , 0.05 , 0.25 10–9
V108P , 0.05 , 0.05 , 0.05 , 0.05 , 0.25 . 10–7
M109C# 11 (cl) 30 (s) 38 14 (s) 4.2 10–9
M115V# 0.2 1.7 (s) 16 1.3 13 10–8
F104C/H107Y# 4.7 (cl) 2.5 27 (s) 0.2 , 0.2 10–9
F105V/M109I# , 0.05 1.2 2.7 , 0.06 , 0.5 10–9
*Inversions per molecule per min × 100; none of the mutants gave
detectable inversion in the absence of Fis. (cl) indicates that DNA
molecules cleaved at one or both hix sites accumulated during the
reaction. †Double-strand cleavage events per molecule per min × 100;
although cleavages at both hix sites normally predominate, both single-
and double-hix cleavage events were measured. (s) denotes ≥ 50 %
cleavage at only one hix site. ‡Double-strand cleavage events per
molecule per 15 sec × 100; see footnote† for details. ¶Dissociation
constants (M) were measured by gel mobility-shift assays on a DNA
fragment containing hixL. Binding constants are approximate because
of uncertainty in the precise concentrations of Hin added. Relative
binding affinities to a half-hixL site were similar to those listed for the
full site except they were approximately 10-fold lower (for example,
wild-type Kd ~10–8 M). #Two or more purified preparations were
assayed for these mutant proteins. In all cases, results from
independent preparations were similar, although values measured from
the more active mutant preparations are given. Values for the wild-type
are the average of multiple assays on two different preparations.
DNA cleavage promoted by wild-type Hin appears to be
highly concerted, giving rise to only double-strand cuts
and cleavages, primarily at both recombination sites ([10];
Fig. 3a, lanes 1 and 3). Several mutants with changes in
helix E, however, displayed markedly uncoupled cleavage
between recombination sites, generating an unusually
high proportion of DNA molecules in which only one hix
site was cleaved. A prominent example is F104C/H107Y,
which, in the presence of CHAPS, generated almost
exclusively single-site cleavage (see Fig. 8b). Because
F104C had this same property, though at very low effi-
ciency (Table 2), and the H107Y suppressor mutation
without F104C did not (data not shown), the cysteine sub-
stitution at position 104 is probably primarily responsible
for this behavior. H107S also generated almost exclusively
single-hix cleavage, but the bias was more obvious under
standard conditions than in the presence of CHAPS.
However, the rate of production and final yield of these
cleaved products was very low. Single-site cleavage events
catalyzed by F104C/H107Y and H107S most likely
require invertasome formation, because little to no hix
cleavage occurred in the absence of Fis, or with substrates
containing only one hix site.
The phenotype of M109C was unique among the helix-E
substitution mutants (Fig. 7a, Table 2). In addition to cat-
alyzing a substantial rate of inversion in vitro, M109C pro-
duced a high rate of hix cleavage under standard inversion
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Figure 7
Catalytic properties of mutant Hin proteins in vitro. (a) M109C. Lanes
1–4 show reactions with M109C performed under standard inversion
conditions for 5 min in the presence or absence of Fis as shown. In
lanes 1 and 2, the plasmid was digested with PstI and HindIII prior to
agarose gel electrophoresis so that inversion products (arrows) could
be detected. Asterisks denote fragments that were cleaved at a hix
site as well as at one of the restriction sites. Lanes 5 and 6 show
cleavage reactions under standard conditions that were incubated for
5 min; lanes 7 and 8 show cleavage reactions carried out using high
concentrations of CHAPS that were incubated for 30 sec. Note that
molecules cleaved at hix under standard inversion conditions are never
observed with wild-type Hin. (b) M115V. Lanes 1 and 2 show
standard cleavage reactions containing M115V that were incubated
for 20 min; lanes 3 and 4 show cleavage reactions carried out in the
presence of high CHAPS for 1 min. Lanes 5 and 6 show inversion
reactions containing M115V that were incubated for 20 min. Arrows
denote the expected migration of inversion products after restriction
digestion. In (a,b) Fis was included in the reactions as indicated.
(c,d) Catalytic activities of oxidized and reduced forms of M101C and
F104C/H107Y. Reactions with M101C (c) were incubated for 5 min
under standard inversion or cleavage conditions and for 1 min under
high-CHAPS cleavage conditions. Incubation times for F104C/H107Y
(d) were 20 min for inversion and standard cleavage reactions and 2
min for high-CHAPS cleavage reactions. Reactions with oxidized Hin
used protein that was $ 90 % covalently dimerized from storage in low
DTT, and reactions under reducing conditions contained 5 mM DTT.
Arrows in the inversion reactions denote the inversion products and
the asterisks denote fragments that have been cleaved at a hix site and
a restriction site. The products of Hin cleavage in the cleavage
reactions are labeled as in Fig. 3.
conditions (Fig. 7a, lanes 1–4). Some cleavage occurred
even in the absence of Fis (lanes 2 and 4), although no
strand exchange leading to inversion products was
detectable in the absence of Fis (lane 2). Under standard
cleavage conditions, Fis-independent cleavage was cat-
alyzed at about 50 % of the rate obtained in the presence
of Fis (lanes 5 and 6, Table 2). However, inclusion of
50 mM CHAPS in the reaction suppressed the Fis-inde-
pendent cleavage reaction (lane 8). Time course studies
demonstrated that, with or without Fis, the initial cleav-
ages occurred primarily or exclusively at a single hix site,
with double-site cleavages accumulating with increasing
incubation times (data not shown). No cleavages were
detected on substrates containing one hix site, indicating
that synaptic interactions are required to trigger cleavage,
even if only one site is cut. F104C/H107Y was the only
other mutant protein where unligated molecules were
detected under standard inversion reaction conditions
(Fig. 7d). The propensity of M109C and F104C/H107Y to
accumulate unligated products in inversion reactions is
probably related to their uncoupled hix cleavage activities.
Cleavage at hix promoted by M115V is also largely inde-
pendent of Fis-activation. Cleavage rates measured under
standard or CHAPS-activated cleavage conditions in the
absence of Fis were about 80 % of the rates in the pres-
ence of Fis (Fig. 7b, Table 2). Even though M115V dis-
played substantial inversion activity in vivo, both in the
presence and absence of Fis, only a trace of inversion was
detectable in vitro in the presence of Fis. Thus, under our
in vitro conditions, the inversion reaction catalyzed by the
M115V substitution mutant was effectively blocked at the
strand-exchange step. 
A disulfide-linked dimer cannot catalyze hix cleavage
We demonstrated above that the dimeric proteins disul-
fide-linked between amino acids at positions 101 or 104
were able to bind to hixL with high affinity. In addition,
M101C and F104C/H107Y were able to promote inversion
under reducing conditions. We determined whether these
mutants were able to catalyze inversion when associated
in a disulfide-linked dimeric form. As shown in Figure
7c,d, the oxidized forms were incapable of catalyzing
inversion, whereas the reduced forms assayed in parallel
were proficient. The block to recombination by the cova-
lently linked dimer occurs prior to DNA cleavage by Hin,
because the oxidized forms are unable to cleave DNA in
the presence or absence of CHAPS (Fig. 7c,d).
There are several possible reasons for the catalytic block
observed in the disulfide-linked dimers. The disulfide
could have introduced a deleterious conformational
change into the dimer causing it to be catalytically inac-
tive, but still proficient in binding. It could also prevent a
subsequent conformational change that is required for
activity. This conformational change could normally occur
upon binding of Hin to hix, as has been observed for the
BamH1 restriction endonuclease [27] or the Cro repressor
protein [28]. Alternatively, Fis may activate catalysis by
triggering a conformational change in Hin that is pre-
vented in the covalently linked dimer. To investigate
these possibilities, we further dissected the reaction in the
following experiment. Reduced M101C (or F104C/H107Y,
data not shown) was allowed to bind to the substrate and
was then oxidized. Fis was then added and DNA cleavage
assayed after a 5 minute incubation period (Fig. 8, panel II;
oxidized). Under these conditions, no cleavage was
detected. As a control, excess reducing agent was added
together with Fis which restored DNA-cleavage activity
(data not shown). Alternatively, Fis was added prior to oxi-
dation and Hin-mediated cleavage was assayed (panel III).
In this case, DNA cleavage products were efficiently pro-
duced. Moreover, strand exchange could occur as demon-
strated by the ability of the reaction to generate inversion
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Figure 8
Oxidation of M101C at various stages of the inversion reaction. (a)
Panel I: reduced or oxidized M101C was added to the substrate DNA.
After 5 min, Fis was added and the incubation continued for another
5 min before quenching with SDS. Panel II: reduced M101C was
added to the substrate and incubated for 5 min to allow for binding of
the Hin dimer, (Hin)2, onto the hix sites. Oxidized glutathione (10 mM)
was added to the oxidized reaction and incubation was continued for a
further 5 min, at which point Fis was added. After 5 min, the reactions
were quenched with SDS. A similar incubation of wild-type Hin with
10 mM oxidized glutathione had no effect on its activity. Panels III and
IV: reduced M101C was added to the substrate and incubated for
5 min to allow for binding, Fis was then added to the reaction and the
incubation continued for 5 min, at which point 10 mM oxidized
glutathione was added to the oxidized reaction. After an additional
5 min incubation, the reactions were quenched with SDS (panel III) or
chased for 30 sec into inversion products by adding 5 volumes of
standard inversion buffer without DTT (panel IV). The products of the
reaction are labeled as in Fig. 3. (b) Representation of the stages in
the reaction where sensitivity to oxidation was determined.
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products upon addition of Mg2+ and dilution of the ethyl-
ene glycol (panel IV). These experiments demonstrate
that the step which is sensitive to oxidation in M101C and
F104C/H107Y occurs between hix binding and the addi-
tion of Fis, and that once the Fis-activated cleavage
complex has formed, further activity is no longer sensitive
to oxidation. As elaborated in the discussion, we interpret
this result to imply that a structural adjustment involving
the dimer interface is required for Hin cleavage and that
this occurs coincident with, or subsequent to, the activity
of Fis.
In order to determine whether the covalently linked form
of Hin was capable of forming an intermediate in the 
presence of Fis that had advanced past a rate-limiting
step, we carried out the following experiment. Oxidized
F104C/H107Y (or M101C, data not shown) was incubated
with the DNA substrate in the presence of Fis for
20 minutes under standard cleavage reaction conditions in
the absence of DTT. After the preincubation with the
oxidized Hin mutant, 10 mM DTT was added and the
reaction was quenched at various time points thereafter
(Fig. 9, lanes 2–5). The rate of accumulation of cleavage
products was compared to a reaction in which the 20
minute preincubation with oxidized Hin was performed in
the absence of Fis, followed by the addition of Fis
together with 10 mM DTT (lanes 6–9). The rate of accu-
mulation of cleavage products obtained under these con-
ditions was the same as when Fis was included in the
preincubation, and the yields after reduction of both were
much less than those obtained from a 20 minute reaction
with reduced F104C/H107Y in the presence of Fis (lane 1).
Control experiments demonstrated that reduction by
10 mM DTT at 37 °C was complete within 1 minute.
Identical results were obtained using M101C. Thus, we
conclude that a covalently linked dimer is unable to
advance past a detectable rate-limiting step in the cleav-
age reaction. Taken together with the previous experi-
ment, the results suggest that the rate-limiting step is
most probably the point at which Fis is functioning to
promote the conformational change, leading to the insen-
sitivity to oxidation.
Discussion
Structure of the Hin dimer
The data presented in this paper demonstrate that the
functional dimer interface of the Hin recombinase is
within the helix-E region. This conclusion differs from a
recent report on the related DNA invertase, Gin, in which
it was concluded that the solution dimer interface is on the
opposite end of the monomer [29]. We, along with Lim
[24], find that the efficient formation of disulfide bonds
in Hin, both in solution, which generates covalently-
linked dimers that are fully active in binding to hix, and
when bound to hix DNA, occurs between residues within
the amino-terminal end of the presumed E-helix of Hin.
The amino acid at position 104 of Hin, which efficiently
forms disulfide-linked dimers when substituted with cys-
teine, is equivalent in location to amino acid 106 in gd
resolvase, where a cysteine replacement mutant also effi-
ciently forms disulfide-linked dimers [23]. Thus, the qua-
ternary form of the Hin dimer is likely to be very similar to
the resolvase dimer. Because direct structural information
regarding the Hin catalytic domain is not available, this
allows us to apply information from the resolvase crystal
structures to Hin, as shown in Figure 2.
Effect of detergents on Hin subunit interactions and DNA
catalysis
Several lines of evidence point to the important role of the
dimer interface in modulating the catalytic steps of the
recombination reaction. First, the zwitterionic detergents
CHAPS and CHAPSO, but not any of the other deter-
gents that we tested, disrupt the dimeric interactions
between Hin subunits and activate the cleavage activity
> 30-fold. These findings suggest that the largely
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Figure 9
Kinetics of Hin cleavage after reduction of reactions that were
preincubated with oxidized Hin in the presence or absence of Fis. Lane
1 (control): F104C/H107Y was incubated under standard cleavage
conditions with DTT and Fis for 20 min and then quenched with SDS.
Lanes 2–5 (+ Fis): oxidized F104C/H107Y (by storage in low DTT)
was incubated with Fis but without DTT for 20 min at which point
10 mM DTT was added. Aliquots were withdrawn and reactions were
quenched 0, 2, 4, and 6 min after the addition of DTT, as shown. Lanes
6–9 (– Fis): the reaction was performed as in lanes 2–5, except that
Fis was not included in the preincubation but was added together with
the DTT. The products of the reaction are labelled as in Fig. 3.
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hydrophobic forces stabilizing the dimer may actually
inhibit the first catalytic step in the reaction — the cova-
lent attachment of Hin to the hix sites, which results in
DNA cleavage. On the other hand, disruption of the dimer
by CHAPS seems to inhibit the second catalytic step of
the reaction, the ligation of DNA strands in the recombi-
nant configuration. The disruption of binding cooperativ-
ity and inhibition of DNA strand exchange occur within
the range of the critical micelle concentration (CMC) for
CHAPS. However, the concentration required to activate
the cleavage reaction is significantly greater than the
CMC, though the reaction conditions are different. Thus,
in addition to disrupting cooperative interactions between
subunits, high-CHAPS conditions may promote other
changes in Hin that act to stimulate the cleavage reaction.
Amino-acid substitutions within the dimer interface have
different effects on catalysis
The extreme sensitivity to amino-acid substitutions
within the helix-E region also points to the importance of
the dimer interface for catalytic function. Most of the
mutations introduced into the region had a drastic effect
on activity, with many preventing any strand exchange.
All of the changes between residues 102 and 108 that were
analyzed severely impaired the initial DNA-cleavage step.
The amino-terminal half of the helix-E region of Hin is
predicted to be very amphipathic (see Fig. 2b) with the
sides facing each other in the dimer being exclusively
hydrophobic. All of the changes that introduced a polar
residue within the interface (for example, F104C, F105C,
V108S and V108N) resulted in particularly severe effects,
whereas those changes that maintained a hydrophobic
nature (such as, F105V and F105V/M109I) produced less
drastic consequences. This region of Hin seems to be
even less tolerant to changes than resolvase. For example,
the resolvase mutant M106C is proficient in recombina-
tion under reducing conditions [23], whereas the analo-
gous change in Hin, F104C, abolishes recombination.
In vitro analysis indicates that individual mutations within
helix E can affect different catalytic steps in the pathway
towards inversion. For example, Hin-induced DNA cleav-
ages are normally highly concerted both within one recom-
bination site, to generate double-strand cleavage, and
within each synapsed recombination site. Although cleav-
age at both sites is the main product for most of the
mutants, several substitutions within the helix-E region
did affect the concerted nature of cleavage between both
hix sites. The most dramatic examples are M109C and
F104C/H107Y. M109C catalyzes predominantly double-
strand cleavage at a single hix site under both standard
inversion and cleavage conditions, whereas F104C/H107Y
catalyzes almost exclusively double-strand cleavage at one
hix site under CHAPS-activated cleavage conditions. The
properties of these mutants imply that the helix-E region is
important in mediating communication between subunits
within the synaptic complex, so that cleavages mediated by
different subunits occur appropriately. This would be con-
sistent with a model of the invertasome complex (M.J.H.
and R.C.J., unpublished observations), in which synapsis of
Hin subunits bound to the two hix sites is mediated in part
by contacts within the carboxy-terminal end of the E
helices (see also [20] for a discussion of resolvase synaptic
complexes).
No examples of Hin mutants or reaction conditions have
been found that generate appreciable levels of single-
strand breaks at an individual recombination site. This
holds true even when reactions are performed with mix-
tures of wild-type Hin and S10T Hin, which contains a
mutation at the active site (M.J.H. and R.C.J., unpub-
lished observations). However, reactions containing wild-
type and S10T Hin do generate significant levels of
double-strand cuts at one hix site, similar to the helix-E
mutants discussed above. These properties are in contrast
to gd resolvase where certain changes within helix E
uncouple cleavages within an individual recombination
site leading to enhanced nicking or relaxing activity
[23,30]. Thus, there may be differences in the mechanism
of DNA cleavage between the two systems.
Although Hin-mediated DNA cleavage is normally
strongly stimulated by Fis, mutations within helix E can
overcome this requirement. M115V promotes hix cleavage
almost equally well in the presence or absence of Fis;
however, compared to wild-type Hin, the overall rates of
cleavage are low. M109C catalyzes an even greater rate of
hix cleavage in the absence of Fis under standard cleavage
conditions. Therefore, both of these changes have
resulted in mutants that have bypassed the requirement
for Fis, and thus invertasome assembly, to promote the
initial catalytic step in the inversion reaction. Synaptic
interactions between Hin dimers bound at the two hix
sites are still required to trigger cleavage because plasmids
containing only one hix site are not functional substrates.
Mutations within the dimer interface that bypass the
requirement for Fis have also been isolated in the Gin and
Cin DNA invertases [11,13]. The most intensively studied
Gin mutant is M114V [12,31] which is exactly analogous
to Hin M115V. Although our in vitro conditions do not
support strand exchange by Hin M115V even in the pres-
ence of Fis, this mutant, like Gin M114V, will support
efficient inversion in the presence or absence of Fis in
vivo. Also, like the Fis-independent mutants in Gin and
Cin, Hin M115V displays relaxed topological specificity as
to the types of products it can generate in vivo (N. Nguyen
and R.C.J., unpublished observations).
The Hin F105V substitution corresponds to the Gin
F104V mutant, which was also isolated because it could
promote substantial inversion in the absence of Fis [11].
However, this change in Hin does not lead to detectable
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Fis-independent activity in vivo, and results in a severely
defective mutant in vitro. Thus, identical substitutions in
the different DNA invertase systems can have different
properties, with Hin apparently displaying a more strict
dependence on Fis.
Subsequent to cleavage, Hin catalyzes the exchange of
covalently linked DNA strands in a manner that is the
topological equivalent of a 180° right-handed rotation
[32–35]. This has been proposed to involve a rotation of
recombinase subunits; however, it remains to be deter-
mined how this occurs in molecular terms. Strand
exchange is blocked to a greater extent than cleavage in
some of the helix-E mutants. For example, prolonged
incubation with M115V, F105V, and F105V/M109I, can
generate between 10 % and 35 % cleaved substrates, yet
essentially no detectable inversion products are produced
in vitro. In the cases where strand exchange is observed in
vitro, Fis is always required. For example, although M109C
is capable of cleaving DNA in the absence of Fis, DNA
inversion is only observed in reactions containing Fis.
Evidence for a conformational change in the Hin dimer
that occurs upon invertasome assembly and is required
for DNA catalysis
The inability of the disulfide-bridged dimeric proteins
linked at residues 101 or 104 to promote hix cleavage pro-
vides strong support for some conformational change
involving the two E helices in the dimer being required to
promote DNA cleavage (see also [24]). Under reducing
conditions, M101C and F104C/H107Y are capable of hix
cleavage and strand exchange. The addition of oxidizing
reagents prior to Fis addition blocks cleavage. Once Fis
has been added, however, the Hin mutants are no longer
sensitive to oxidation. Although there may be several
explanations for this result, the simplest is that the cys-
teine residues at either position 101 or 104 are reposi-
tioned upon invertasome assembly so they are no longer
able to form disulfide linkages. An alternative possibility is
that the presence of Fis in the complex physically pre-
vents access of the oxidized glutathione (or oxidized
DTT, data not shown) to the cysteine residues. This
seems unlikely because DTT is able to reduce oxidized
Hin in the presence of Fis (Fig. 9). Conformational
changes within the dimer interface that are induced by Fis
have also been proposed for Gin, based on the properties
of mutations within the region [12,36].
We have previously shown that once the Fis-activated
cleavage complex (invertasome) has been assembled, the
reaction has advanced past the primary rate-limiting step
[10]. Our present results suggest that the rate-limiting step
may be the Fis-dependent conformational adjustment
required to initiate DNA cleavage. Evidence for this
comes from the fact that preincubation of the disulfide-
linked dimers with Fis prior to reduction does not increase
the rate of cleavage. It is possible that the rate-limiting
step is the frequency of the three-hit collision between
the two hix sites and enhancer that is required to assemble
the invertasome. However, the dramatic increase in the
rate of hix cleavage by CHAPS makes this unlikely under
standard conditions. Rather, the evidence points to
CHAPS facilitating the conformational change(s) in the
Hin dimer.
It is likely that the overall purpose of the conformational
change required to initiate catalysis is to position the Hin
active sites within close proximity to the appropriate phos-
phodiester bonds within hix. As discussed above, the
dimeric arrangement of Hin modeled after the resolvase
crystal structures would require a significant adjustment
for this to occur. Indeed, a similar change probably occurs
in resolvase during synaptosome assembly, as demon-
strated by the inability of disulfide-linked dimers to 
catalyze double-strand cleavage events and the comple-
mentation patterns of mutants affecting the dimer inter-
face [23,30]. The nature of the change(s) that must occur
in order to reposition the active-site serine residues are not
known at this time. One model proposed that a “scissor-
ing” motion at the hydrophobic helix-E interface could
align the serine residues appropriately [19,37], although
such a movement now seems unlikely because of con-
straints imposed by the carboxy-terminal ends of the E a-
helices that are positioned along the minor groove on
opposite sides of the DNA in the resolvase–DNA complex
[20]. Rice and Steitz [19] have noted that the b sheet
region of the resolvase monomer is unusually flexible,
allowing for significant movements within the basic frame-
work of a resolvase dimer. Yang and Steitz [20] have sug-
gested that resolvase may cleave the DNA in a sequential
fashion based on the asymmetric arrangement of the
dimer bound to its cleavage site in the crystal structure.
The nicking of only one strand by certain mutants and a
covalently-linked dimer of resolvase is consistent with
such a model, but single-strand cleavage by Hin has not
been observed thus far under any experimental condition,
or by any of the mutants.
Conclusions
Fis, acting through the recombinational enhancer, regu-
lates site-specific recombination by the DNA invertases
by multiple mechanisms. The first is at the level of assem-
bly of the functional synaptic complex, the invertasome,
which overwhelmingly biases the products of recombina-
tion to be inversion between cis-acting sites [38,39]. The
requirement for DNA supercoiling to promote the assem-
bly of the enhancer-associated invertasome structure is a
critical component to this topological selectivity. Once the
correct invertasome structure is assembled, Fis then acti-
vates the catalytic functions of Hin. The results presented
in this paper have considerably advanced our knowledge
of this stage of the reaction.
Research Paper   Hin dimer interface and DNA catalysis  Haykinson et al. 175
Identification of the region in the Hin subunits that are in
contact with each other when bound to a recombination
site allows us to construct a model for the structure of the
intact Hin dimer. This model enables us to address the
mechanism of catalytic activation from more refined struc-
tural considerations. The properties of certain zwitterionic
detergents and a large number of mutants containing
amino-acid changes within the dimer interface all strongly
imply that structural changes within this hydrophobic
interface are required for the first catalytic step by Hin,
site-specific DNA cleavage, and are induced by Fis as the
invertasome is assembled. This region also seems to play
an important role in coordinating the cleavages of DNA
within the two synapsed recombination sites mediated by
the two Hin dimers. 
Materials and methods
Isolation of Hin mutants
Unless otherwise noted, the mutant versions of plasmid pMS571
(colE1 ori, bla, Ptac-hin, [4]) were generated by site-directed mutagen-
esis using the two-step PCR method of Landt et al. [40] or by the
method of Kunkel et al. [41]. For each mutant the entire hin gene was
sequenced or recloned so that only the region subjected to PCR or fill-
in mutagenesis was sequenced. The PCR method gave occasional
secondary mutations of which some were characterized as noted. In
addition to being obtained by site-directed mutagenesis, M115V was
isolated in a genetic screen for mutants that could promote increased
rates of inversion in vivo in the absence of Fis. pKH66 (pSC101 ori,
spc/str, Ptac-hin, [26]) was mutagenized with hydroxylamine [42],
transformed into strain RJ1651 (see below), and plated for single
colonies on lactose-containing MacConkey media. Plasmid DNA was
isolated from pools of 5–10 colonies that turned red more rapidly than
wild-type and used to re-transform RJ1651. DNA sequencing revealed
that a purified plasmid that promoted Fis-independent inversion after
repeated rescreening contained a change encoding valine in place of
methionine at position 115. When transferred to the higher copy
number plasmid pMS571, it behaved identically to M115V obtained by
site-directed mutagenesis.
In vivo Hin-promoted inversion assays
Plasmids containing hin were transformed into E. coli strains RJ1471
(lfla406 OFF, F’lacIqs lacPL8 proAB+, D(pro-lac) recA56 srl rpsL, ara)
or RJ1651 (RJ1471 fis-767) and plated to produce well isolated
colonies on MacConkey agar containing lactose and ampicillin. lfla406
contains the H-invertible segment, with the hin gene inactivated, con-
trolling the expression of lacZ [25]. In RJ1471 and RJ1651, the pro-
moter within the invertible segment is initially oriented so that it
transcribes away from lacZ. Red color development was scored as a
function of time of incubation at 37 °C. Note that the wild-type hin gene
on pMS571 slightly inhibits colony growth in RJ1471, in comparison
with all of the mutant genes. Thus, the in vivo rates of color develop-
ment in the active mutants, which tend to grow faster, may be overesti-
mated relative to wild-type in this assay.
Hin mutant preparations
Hin proteins were typically prepared from 2 l Luria broth cultures of
RJ1632 (F′proAB lacIsqZu118 fzz::Tn5-320, fis-767 endA1 recA1
gyrA96 hsdR17 relA1 supE44), expressing the mutant proteins from
plasmid pMS571. Purification was carried out up to and including the
the heparin–agarose chromatography step essentially as described [6].
In typical preparations, Hin constituted 30–80% of the total protein, as
analysed by staining SDS–polyacrylamide gels with Coomassie blue.
Concentrations were estimated by comparing the intensity of staining
with known amounts of lysozyme electrophoresed in the same gel. For
in vitro DNA inversion or cleavage assays, each protein preparation
was titrated to determine the amounts required for maximum activity.
Typically, maximum activities were obtained with about 200 ng protein.
Preparations were normally stored in 20 mM Tris–HCl or Hepes
(pH 7.5), containing 1 M NaCl, 0.1 mM EDTA, 50 % glycerol and 1 mM
DTT at –20 °C. Under these conditions, the majority of the M101C and
F104C Hin mutant proteins rapidly formed disulfide-linked dimers.
When reduced preparations of these and the other mutants containing
cysteine residues were desired, they were incubated at 4 °C overnight
with 10 mM DTT and 4 mM CHAPS.
In vitro Hin activity assays 
DNA inversion: In vitro DNA inversion reactions were performed in a
25–50 ml volume at 37 °C in 20 mM Tris-HCl (pH 7.5), 80 mM NaCl,
10 mM MgCl2, 1–10 mM DTT, 4 mM CHAPS, 200 mg ml–1 poly-
cytidylic acid, 0.1 pmole pMS551 [4], 100 ng HU and 30 ng Fis, as
appropriate. Reactions were typically initiated with the addition of Hin
and were quenched with diethylpyrocarbonate (final concentration of
0.1 %) after incubation for 1–30 min. For some cysteine-containing
mutants, Hin was added to the reaction mixture for 1–2 min at 37 °C,
and the reaction started by the addition of Fis. Western blot analysis
confirmed that Hin M101C and F104C were completely reduced after
a 1 min incubation with 5 mM DTT at 37 °C. Inversion products were
detected by agarose gel electrophoresis after digestion with PstI and
HindIII. Inversions per substrate molecule were quantitated as
described [25] and rates (inversions per molecule per min × 100, Table
2) were determined from 1 min reactions or extrapolated to 1 min from
reactions incubated for longer times.
DNA cleavage: Hin cleavage reactions [10] were performed as above,
except that 10 mM EDTA replaced the MgCl2 and 30 % ethylene
glycol was included. Reactions were quenched by the addition of SDS
to 0.8 % and products detected by agarose gel electrophoresis, follow-
ing digestion with proteinase K. Cleavage reactions under high-
CHAPS conditions were performed as above with 50 mM CHAPS
(Boehringer Mannheim), unless otherwise noted. Under these condi-
tions, incubation was typically for 15 sec to 4 min at 37 °C prior to
quenching with SDS.
hix binding: Gel mobility-shift assays were performed in a 25 ml volume
containing 20 mM Tris (pH 7.5), 50 mM NaCl, 1 mM EDTA, 1–10 mM
DTT, 20 mM CHAPS, 10 % glycerol and a 32P-labeled DNA probe.
Between 1 and 10 ng of Hin was added, followed by a 10 min incuba-
tion at 23 °C. Sonicated salmon sperm DNA (0.5 mg) was added as
competitor for 1–2 min prior to loading the samples on a 10 % poly-
acrylamide gel in 45 mM Tris–Borate–EDTA buffer. Samples were sub-
jected to electrophoresis at 15 mA. The full-hixL site probe was a
135 bp PCR-generated fragment obtained from pMS551 and the half-
hixL site probe, which contains from –2 to +13 of hixL, was a 115 bp
PCR-generated fragment obtained from pMS570 [4].
The reaction products were quantitated either by obtaining digitized
images of ethidium bromide stained gels using a Speedlight gel docu-
mentation system (Lightools Research), or by analysing radioactively
labeled gels with a phosphorimager (Molecular Dynamics) and the
ImageQuant software package (Molecular Dynamics). Alternatively,
laser densitometry was performed on Polaroid negatives or autoradi-
ograms using a Molecular Dynamics Personal Densitometer SI or a
Pharmacia UltroScan XL scanner.
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